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 Poly(ionic liquid)s (PILs) have been examined in recent years for applications in 
various technologies, including solid-state lithium ion batteries and gas separation 
membranes.  In this work, a series of bisimidazolium-containing, Michael addition donors 
were synthesized and used to produce a series of covalently crosslinked PIL polyester 
networks containing bis(trifluoromethylsulfonyl)imide as the counteranion.  Within the 
series, the length of alkyl spacer between the two imidazolium cations and the diacrylate 
to acetoacetate monomer ratio were varied in an attempt to correlate structural variations 
with the thermal, mechanical, and conductive properties of the PILs.  Keeping the 
diacrylate to acetoacetate ratio constant, increasing the alkyl spacer length showed 
unexpected results, with the moderate spacer length (hexyl) exhibiting the highest ionic 
conductivity, lowest glass transition temperature (Tg), and highest thermal stability (by 
measurement of 5% thermal decomposition temperatures, Td5%).  When the diacrylate to 
acetoacetate ratio was increased, the polymers displayed higher apparent crosslink 
densities (ρx), Tg values, and Td5% values; however, a lower ionic conductivity was 
observed.   
 In addition to the bisimidazolium work, a series of polymers were generated that 
used commercially available poly(ethylene glycol) (PEG) containing diacrylates as a 
method to incorporate PEG into the polyester backbone of imidazolium-containing 
Michael addition networks.  These polymers used a monoimidazolium acetoacetate 
monomer in order to establish a baseline for PEG incorporation.  The length of the PEG 
diacrylate was varied in order to attempt to correlate PEG-concentration with mechanical, 
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thermal, and conductive properties.  PEG-containing polymers exhibited lower Tg, higher 
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Chapter 1: Introduction 
 
1.1  Overview of Poly(Ionic Liquid)s 
Poly(ionic liquid)s (PILs) have generated great interest in recent years due to their 
ability to combine the ionic nature and tunability of ionic liquid (IL) chemistry with the 
mechanical stability of various macromolecular structures.  This unique combination 
allows for the addition of high charge/dipole availability in the generally low or non-polar 
environments of polymers.  Differences exist in what ionic liquids are utilized, how 
polymers are produced, and the resulting properties exhibited from these polymers.  In 
order to describe the factors affecting these systems, some background about each topic 
needs to be discussed.  
ILs are defined as loosely coordinated cation-anion pairs, commonly resulting in 
liquids at temperatures below 100 °C.1,2  These compounds are often composed of organic 
cations that are paired with either bulky inorganic or organic anions, some of which can be 
seen in Figure 1.1.  The study and application of these compounds has grown exponentially 
in the past 20 years due to their unique physicochemical and electrochemical properties.3,4   




The cations and anions that are used for ILs come in a wide variety of structural 
forms, leading to a virtually unlimited number of combinations.1,2,5  The most commonly 
studied cations for ILs are derivatives of the N,N’-dialkylimidazolium ring (Figure 1.2) due 
to the wide electrochemical stability and structural modifications that are possible.6,7,8  
However, other systems have been examined extensively. Tetraalkylammonium, 
tetraalkylphosphonium, N-alkylpyridinium, and N,N-dialkylpyrrolidinium are also 
frequently studied systems1,4, but none of them have gained the degree of interest that the 
imidazolium ring has due to the ease with which the imidazolium ring can meet desired 
characteristics.  Imidazolium ILs are commonly prepared when substituents are bound to 
the nitrogen atoms (positions 1 and 3 in Figure 1.2) 
on the heterocycle by SN2 chemistry.  The ring is 
further available for task specific alteration due to the 
possibility of having substituents located on any of 
Figure 1.1 – Representative Ionic Liquid Cations and Anions 
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the three carbons of the ring.  Imidazole has been regularly used to produce ionic liquids 
since 1982, when Wilkes et al. synthesized and characterized a series of 1-alkyl-3-
methylimidazolium chloride ([Cnmim]Cl, Figure 1.3) salts.7,8 These compounds were 
prepared in an attempt to resolve an issue with composition and electrochemical sensitivity 
with N-butylpyridinium chloride (Figure 1.3), previously synthesized by Gale and 
Oysteryoung.9,10  Wilkes et al. followed up his own work in 1984 with a study that looked 
at the length of the alkyl chain on the imidazolium ring to try and further elucidate the 
effect of structure on properties.7  
 
 
In addition to the modifications on the cation, anions for ILs also come in a wide 
variety of structures.  Nearly any salt combination can be synthesized by anion exchange 
(typically performed on IL halides), though hexafluorophosphate, tetrafluoroborate, 
sulfones, and haloaluminates are prolific in the literature.11-14 The nature of the anion has 
a great impact upon the physical properties of the IL.  Depending upon the anion, the IL’s 
glass transition temperature and solubility can be altered drastically to meet a large variety 
of laboratory or industrial needs.4,15-17  
Polymer chemistry has been studied for many years and is abundant in everyday 
society.  The architecture of various macromolecular structures provides a large assortment 
of platforms upon which to integrate an IL unit into a polymer, thereby altering the way in 
Figure 1.3 – Left: [Cnmim]Cl  Right: N-Butylpyridinium Chloride 
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which the IL can interact and be involved in chemical processes.2,18  Integration of ILs into 
polymers has been completed for several reasons: drug delivery, electroactive devices, 
stabilizers, and dispersants are but a few of the many applications.5   
 The majority of PILs that have been produced are from the category of linear-chain 
vinyl or acryloyl substituted imidazolium monomers.5   These PILs have been quaternized 
into the cationic form both before and after polymerization, placed in co-polymers, and 
crosslinked by various means as a method to study structure-activity relationships.  The 
first purified imidazolium PIL reported in the literature was a series of 3-alkyl-1-
vinylimidizolium iodides which were prepared by aqueous free-radical polymerization by 
Salamone et al. (Scheme 1.1).19   
 
 
Expanded interest in PILs was brought about by the work of Ohno et al. in a series 
of papers studying poly(ethylene glycol) (PEG) and imidazolium-PILs investigated as 
electrolytes for ion conduction.20-24  Through this continuing series of studies, acrylate 
functional groups started to be used in PIL polymerizations (Figure 1.4).25-27  This work 
opened the door to several different methods of polymerization in the area of PILs.   
 
Scheme 1.1 -  Polymerization of 3-Methyl-1-vinylimidazolium Iodide 
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Even with the surge in interest of ILs and PILs over the past 20 years, the majority 
of polymerization techniques have been radical polymerization processes.  The ubiquitous 
nature of radical chain growth polymerization in modern society (PE, PP, PVC, etc.) means 
that a variety of polymer architectures have been created in order to study the impact of IL 
incorporation into the polymer networks.5,27   
 
1.2  Applications of Imidazolium Poly(Ionic Liquid)s 
In recent years, the research focus of PILs has been directed towards a number of 
application areas including gas separation membranes and ion conductive films.3,6  Gas 
separation membranes allow for the selective removal of unwanted gases (carbon dioxide, 
hydrogen sulfide, ammonia, etc.) from sources in a continuous manner.  Without the use 
of a separation membrane, separations are normally accomplished in a cyclical system, 
normally altering pressure, temperature, or both.  Traditional gas separation has been 
accomplished based upon boiling points of the gases by liquefying a large number of 
atmospheric gases and then allowing particular gases to boil off into collection, or by 
solvation of a particular gas, followed by its later removal.28,29  Both of these processes are 
cost and energy intensive and can produce mixed results depending upon the desired 
product.28,29  PIL membranes are an attempt to produce a continuous flow process for 
Figure 1.4 – Acrylate Functionalized PIL Monomer Studied by Ohno et al.27  
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selectively separating gases based upon chemical (rather than physical) criteria that will 
produce the similar or improved results in comparison to the traditional methods.   
Tang et al. showed that poly[(1-(4-vinylbenzyl)-3-butylimidazolium 
hexafluorophosphate] (PVBIH) had both increased CO2 capacity and an improved 
load/unload cycle speed as compared to the benchmark free ionic liquid, 
butylmethylimidazolium tetrafluoroborate (Figure 1.5).28  Carlisle et al. synthesized and 
polymerized a series of vinyl imidazolium polymers with various types of substituents at 
the 3-position of imidazolium (Figure 1.2) and compared them to analogous styrene and 
acrylate polymers.30  In doing so, they found that the ideal CO2 gas permeability (Equation 
1.1) varied greatly with the substituents in the 3-positon on the ring for the vinyl systems 
but generally showed lower selectivity when compared to the styrene and acrylate analogs.  
Pi = Ji Δpi⁄  l    (1.1) 
In Equation 1.1, Pi is the permeability, Ji is the steady state volume flux of species i, Δpi is 
the average transmembrane pressure drop, and l is the thickness of the membrane.   
 
 
A second major area of PIL research is electroactive devices, one example being 
lithium ion batteries.  Pertinent to these electroactive devices is the ability of PILs to be 
Figure 1.5 – Top: (1-(4-Vinylbenzyl)-3-butylimidazolium Hexafluorophosphate 
Monomer  Bottom: Butylmethylimidazolium Tetrafluoroborate 
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excellent ion conductors.  Several recent publications have highlighted advancements in 
the ability of PILs to act as ion conductors.  For example, Choi et al. have studied the ion 
conductivity of a series of acrylate polymers (Figure 1.6) in which the tail length (butyl or 
dodecyl) and counter anions ([NTf2] or [PF6]) are varied.31  After synthesizing the novel 
monomers and proceeding via 2,2′-azobis(isobutyronitrile) induced radical 
polymerization, the study found that their polymers had an ionic conductivity range of 
approximately 10-6 to 10-4 S/cm at 30 °C. The [NTf2] polymers had conductivities that 
were, on average, two orders of magnitude higher than those of the [PF6] polymers.  
Additionally, it was found that the butyl substituted polymers had higher conductivities 
than the dodecyl substituted polymers, which is the opposite of the expected result when 
looking at glass transition temperature (Tg).  It is expected that a PIL, within an analogous 
series, with a lower Tg would be able to conduct ions to a higher degree at any given 
temperature.  The expectation of higher conductivity in this case is due to higher 
micromolecular flexibility producing better pathways for ion movement.  
 
 
Ye et al. compared the conductivities of random and block co-polymers of 1-[(2-
methacryloyloxy)ethyl]-3-butylimidazolium [NTf2] (Figure 1.7) and methyl-methacrylate 
co-polymers, which showed conductivities no higher than approx. 10-6 S/cm at 100 °C.32  
Allen et al. studied the effect of placing a terminal hydroxyl group on various 1-alkyl-3-
Figure 1.6 – Acrylate Monomer with Highest Performance in Study by Choi et al.31 
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vinylimidazolium compounds by preparing a homopolymer using azobisisobutyronitrile in 
dimethylsulfoxide.33  The resulting polymers evaluated for correlation between alkyl chain 
length and ionic conductivity; the highest conductivity was found to be in the longer 
hydroxyl containing polymer, poly(1-(8-hydroxyoctyl)-3vinylimidazolium [NTf2]), 




1.3  PIL Networks using Michael Addition Chemistry 
The Miller group’s specific research interest involves the integration of 
imidazolium units into covalently crosslinked polyester networks via the Michael addition 
polymerization pathway.  Michael addition chemistry has been integrated into polymer 
science to prepare highly controllable, step-growth, covalently crosslinked networks.34,35  
Although the Michael addition is a standard undergraduate organic chemistry reaction 
which may not receive much attention during the enolate chemistry chapter of an organic 
textbook,36 it has useful synthetic applications because it is a method by which carbon-
Figure 1.7 – Top: 1-[(2-Methacryloyloxy)ethyl]-3-butylimidazolium [NTf2]  Bottom:  
1-(8-Hydroxyoctyl)-3vinylimidazolium [NTf2]  
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carbon bond formation can often be achieved under mild conditions.  The Michael addition 
was defined by Arthur Michael as the addition of the enolate form of a ketone or aldehyde 
to an α,β-unsaturated carbonyl compound at the β-carbon.37  This process involves the use 
of a catalytic base to enable the carbon-carbon formation via 1,4-nucleophilic addition of 




Scheme 1.2 – Mechanism of the Michael Addition Reaction 
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  The Michael addition mechanism begins with the reversible deprotonation of the 
proton alpha to the carbonyl (acetoacetate groups pKa≈11 in water) of the Michael donor.  
In the Miller group’s polymer synthesis, the catalytic base 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) (conjugate acid pKa≈14 in water) is used to initiate the reaction process, as it 
is a non-nucleophilic base that is preferable to bases such as pyridine (which is 
considerably more flammable and generally accepted as more toxic).  The resulting enolate 
is quite stable due to the resonance stabilization through both of the carbonyls, but it can 
nucleophilically attack the electron poor β-position of the α,β-unsaturated ketone (an 
acrylate group).  Once the nucleophilic attack has occurred, a second enolate is formed on 
the Michael acceptor.  Since the resulting enolate is stabilized by only one carbonyl, it has 
a considerably higher pKa, and thus is able to deprotonate the conjugate acid form of the 
DBU.  Once this protonation has occurred, the reaction is no longer reversible and the 
carbon-carbon bond is permanently affixed in the polymer backbone.  The substituted 
acetoacetate at the end of a single Michael addition reaction still contains an acidic proton 
(pKa≈13) that can be deprotonated by the DBU, and thus is available for a second carbon-
carbon bond formation.   
Particular advantages are present in using Michael addition chemistry over typical 
polyester synthesis for polymers.35  The main benefit is a lack of unwanted side products 
(H2O or HCl) from the reaction; since the reaction does not proceed via a condensation 
mechanism.  Furthermore, as has already been mentioned, the polymerization events can 
be completed under atmospheric conditions (in the presence of water vapor and at 1 atm) 
and at relatively low temperatures (room temperature to slightly elevated T).  Michael 
addition polymerizations also generally proceed to a high degree of completion, although 
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this is determined by the steric availability of the compounds for reaction.35 This set of 
characteristics lends itself to being able to modify the structure of the polymer with 
somewhat sensitive functional groups without removing or altering them in the 
polymerization process.   
 Given a 1:1 ratio of acrylate to acetoacetate functional groups, one can envision the 
formation of primarily linear polyester chains as a result of the Michael addition occurring 
at each end of a di-functional monomer.  Since each acetoacetate group can undergo two 
Michael addition reactions (each contains two enolizable protons), crosslinked networks 
are possible given that an excess of Michael addition acceptor is provided.  The degree to 
which crosslinking occurs is determined directly by the stoichiometry of the acceptor to 
donor (barring that the compounds in use have no alternative issues to the polymerization 
events).  This method of polymerization results in highly repeatable polymer synthesis and 
allows for a greater degree of polymer engineering for the final product due to the step-
wise growth of the polymer.  The Michael addition method produces polymers that have 
controllable glass transition or melting temperatures (dependent upon the degree of 
crystallinity). 
The Miller group previously described the synthesis and properties of imidazolium 
containing Michael addition polymers. Two acetoacetate donors with alkyl spacers were 
bonded to the nitrogen atoms of the imidazole ring.34  An example of this type of Michael 
addition monomer (considered the first-generation monomer in this project) can be seen in 
Figure 1.8.  This series of Michael donors was allowed to react with 1,4-butanediol 
diacrylate in various stoichiometric ratios and the thermal and mechanical properties were 
then investigated.34  It was found that as the length of the alkyl spacers increased, the Tg of 
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the polymer lowered.  This result could be explained as being due to the increased 
flexibility of the polymer backbone due to longer carbon chains between functional groups. 
Additionally, as the ratio of the acetoacetate to diacrylate functional groups increased 
toward the ideal (2:1 diacrylate:acetoacetate monomer stoichiometric ratio) the Tg was 




1.4 Project Scope 
The present project involved the synthesis, polymerization, and investigation of 
properties for a series of Michael addition polyester networks with incorporated 
acetoacetate monomers that contained two imidazolium groups (Figure 1.9).  This 
modification increases the IL content of the polymer. IL content can be measured by mol 
%, which is a measure of moles of IL (imidazolium plus counteranion) divided by the total 
moles of the polymer.  It was hypothesized that an increase in ionic content of the polymer 
would increase the ionic conductivity.  The increased conductivity might be expected, as 
it is in part related to the ionic content, however, the effect of increasing ionic content on 
Tg and the mechanical properties of these systems were yet unknown.  In addition to the 
change in ionic content, the length and type of the alkyl spacer between the two 
imidazolium rings was altered.  It was believed that increasing the length of the spacer 
Figure 1.8 – Monoimidazolium Michael Addition Monomer 
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would allow the monomer units to be more flexible (able to adopt more conformations in 
three-dimensional space), and thus would lower the Tg of the polymer, increasing ion 
mobility and thus ionic conductivity.  Use of a polyethylene glycol (PEG) spacer was an 
attempt to enhance ion transport as well as open the door for studying lithium ion 
conduction (discussed further in Chapter 3).   
 
 
For all PILs generated, thermal and mechanical properties were measured in order 
to further elucidate trends in structure-activity relationships.38  For thermal analysis, 
decomposition temperatures were determined by use of a thermogravimetric analyzer 
(TGA).  Five percent thermal decomposition temperatures (Td5%) are a useful parameter to 
determine the potential temperature window for industrial applications of the polymer.  
Towards the same goal, the Tg of each polymer was determined by use of differential 
scanning calorimetry (DSC).  The Tg represents the bottom end of the functional range for 
applications of the polymer due to the transition into a glassy solid.  Mechanical properties 
were determined through the use of a dynamic mechanical analyzer (DMA) which observes 
a number of different properties about the polymer concurrently.  Data from the DMA was 
used to determine storage modulus (E´), Tg (by tan δ), crosslink density (ρx), and an 
Figure 1.9 – Targeted Bisimidazolium Monomers 
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approximation of polymer uniformity.  The working hypothesis for ρx was that any 
polymers of the same molar ratios of diacrylate to imidazolium monomer would have 
similar ρx values and that increasing the concentration of diacrylate will result in a higher 
degree of crosslinking.  
Electrochemical impedance spectroscopy studies were also performed on the 
polymers in order to determine the effect of the spacer length, Tg, and the second 
imidazolium ring on the ionic conductivities of the polymers.  Specimens were taken from 
a master films and a four electrode cell was employed.  The conductivities in S/cm were 
determined over a temperature range of 25 °C to 150 °C.  These data points were then fit 
to the three-parameter Vogel-Fulcher-Tammann (VFT) equation to determine the 
theoretical high and low temperature conductivity limits (σ0 and T0 respectively).  This 
fitting process and the calculated values are useful as standard reference points when 
comparing various polymer constructions and are discussed in more detail in Chapter 2 and 









Chapter 2: Synthesis and Properties of Michael Addition Bisimidazolium-
Containing PILs 
 
2.1 Synthesis of Bisimidazolium-Containing Monomers  
Following a literature procedure, 2-hydroxyethylimidazole, 3, was prepared 
following the synthesis outlined in Scheme 2.1.34  Imidazole, 1, was first deprotonated with 
sodium hydride.  Ethylchloroacetate was then added dropwise to produce 2-
imidazolylacetate-ethyl ester, 2, via a SN2 pathway.  Reduction of the ester via lithium 
aluminum hydride was used to produce 3. 
Reaction of 3 with the appropriate dibromoalkanes by nucleophilic substitution 
provided the diol salts, 4 and 5, (Scheme 2.2).  For the dodecyl alkyl spacer, a procedure 
by Bara et al. was followed in an attempt to allow for a more convenient synthesis. The 
procedure combined 1 with sodium hydroxide followed by addition of 1,12-
Scheme 2.1 – Synthesis of 2-Hydroxyethylimidazole 
  16 
 
dibromododecane to produce 1,12-bisimidazoloyldodecane, 6, (Scheme 2.3).39  Product 6 
was then reacted with 2-bromoethanol to produce the diol salt, 7.   
 
 
Products 4, 5, and 7 were then combined with lithium 
bis(trifluoromethylsulfonyl)imide (NTf2) in order to undergo an ion exchange reaction.  
For these ion exchanges, the product would separate from the aqueous solution to yield the 
diol [NTf2] ILs, 8-10, (Scheme 2.4).  Transesterification of each diol [NTf2] ionic liquid 
with tert-butylacetoacetate was then performed to produce the diacetoacetate [NTf2] 
Scheme 2.2 – Synthesis of Diol Bromides 4 and 5 
Scheme 2.3 – Synthesis of Diol Bromide 7 
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monomers, 11-13.  Structures were confirmed by 1H and 13C-NMR spectroscopy shown in 
the Supplementary Information.     
 
2.2 Thermal Analysis of the Bisimidazolium Monomers 
 Thermogravimetric analysis (TGA) was used to determine the thermal stability for 
each of the acetoacetate monomers by determining the five percent decomposition 
temperatures (Td5%).  Additionally, differential scanning calorimetry (DSC) was used to 
identify glass transition temperatures (Tg) for the compounds.  DSC analysis found a single 
Tg for each of the monomers, and the results from both TGA and DSC analyses can be 
found in Table 2.1.   
Scheme 2.4 – Synthesis of the BisIm Diacetoacetate [NTf2] Monomers, 11-13 




As was hypothesized, the increased ionic content of the targeted bisimidazolium 
(BisIm) monomers resulted in an increased Tg over the comparable monoimidazolium 
(MonoIm C6) monomer, 14 (Figure 2.1).  An increase in spacer length was found to 
decrease the Tg of the monomer due to an increase in chain flexibility.  The Td5% values of 
the BisIm monomers are slightly higher than the MonoIm analog, an attribute which is 











DSC T g 
(°C)
TGA T d5% 
(°C)
BisIm C4 11 -36.9 312
BisIm C6 12 -43.7 282
BisIm C12 13 -48.5 287
MonoIm C6 14 -65.8 235
Figure 2.1 – Reference Monoimidazolium Michael Addition Monomer 
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2.3  Synthesis of the Bisimidazolium-Containing Michael Addition Polyester 
Networks   
In order to study the effect of crosslinking on the properties of the polymers, the 
BisIm monomers were combined with either 1.5 or 2.0 molar equivalents of 1,4-butanediol 
diacrylate.  After addition of 2 mol% catalytic 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 
a Michael addition reaction (Scheme 2.5) occurred, producing covalently crosslinked 
polyester networks.   Since the acetoacetate ILs, 11– 13, and the commercially available 
1,4-butanediol diacrylate, 15, were not miscible, the polymerizations were completed in a 
4:1 CH2Cl2:CH3CN solution. 
The resulting polymer solutions were allowed to cure in Teflon™ molds for 48 h 
under ambient conditions, followed by an additional 48 hours of curing in an oven at 60 
°C.  This process was further followed by a period of 48 hours in a vacuum oven (<1 
mmHg, 55 °C) to remove residual solvent.  The solid material was removed from the molds 
to yield supple, transparent polyester films in varying hues of yellow/tan, due in part to the 
yellow color of the acetoacetate groups. 





Scheme 2.5 – Michael Addition Polymerization 
  21 
 
2.4  Thermal and Mechanical Analysis of Bisimidazolium-Containing Michael 
Addition Polyester Networks 
TGA was used to determine the thermal stability of each network, as a Td5% value, 
the data for which is presented in Table 2.2.  In general, the films showed good thermal 
stability (Td5% >260 °C), which would allow for practical industrial applications.  When 
the diacrylate concentration was increased, the polymers exhibited increased thermal 
stability, which was in line with expectations.  Increasing the alkyl spacer length seemed 
to show no appreciable trend in thermal stability.  A similar observation can be made for 
the IL concentration of the polymers (mol % IL, as described in Section 1.4), there seems 




DSC was performed to determine the glass transition temperature (Tg) for all five 
of the BisIm networks (Table 2.2).  The Tg values ranged from -18.6 °C to 6.4 °C for the 
BisIm C6 1.5:1.0 and BisIm C6 2.0:1.0 polymers respectively.  When a 2.0:1.0 ratio was 
employed, a higher Tg was observed in comparison to the 1.5:1.0 ratio polymers due to an 





mol % IL DSC T g  (°C)
TGA T d5% 
(°C)
BisIm C4 1.5:1.0 27.5% -14.1 292
BisIm C6 1.5:1.0 26.8% -18.6 298
BisIm C12 1.5:1.0 24.8% -10.0 268
BisIm C4 2.0:1.0 23.0% -13.8 297
BisIm C6 2.0:1.0 22.3% 6.4 302
MonoIm C6 1.5:1.0 19.4% -19.9 272
Table 2.2 – Thermal Data for the BisIm Networks 
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looking at the length of the alkyl spacers.  As mentioned previously, it was hypothesized 
that increasing the length of the spacer would increase flexibility of the polymer, and thus 
would correlate to a lower Tg as it did for the unreacted monomers (Table 2.1), however, 
the data shows that the Tg increases as follows: BisIm C6 < BisIm C4 < BisIm C12 for the 
1.5:1.0 networks.  The working hypothesis is that the Tg decrease from C4 to C6 is due to 
an increase in the flexibility of the network.  However, the BisIm C6 networking having a 
lower Tg than the BisIm C12 network is outside of the expected results.  This hypothesis 
will be revisited in the mechanical analysis section.  
Mechanical properties of the networks were determined using dynamic mechanical 
analysis (DMA).  Mechanical properties such as storage modulus (E´) and tan δ were 
monitored over a set temperature range (-50 °C to 150 °C).  The storage modulus curves 
(Figure 2.2) provide information about the structure of both the glassy and rubbery states 
of the polymer.  Using Equation 2.1, calculation of the apparent crosslink density can be 
determined:  
=   ´/3          (2.1) 
where ρx is the apparent crosslink density, E´ is the storage modulus at 373.15 K (a selected 
temperature well above the Tg), R is the gas constant (8.314 J•mol/K), and T is the 
temperature of the E´ reading in Kelvin (373.15 K).    A summary of the E´ and ρx data are 
provided in Table 2.3.  






In light of both the DSC data and the ρx values, the networks showed unexpected 
results; the ρx increased across the BisIm 1.5:1.0 ratio networks in the following order: 
BisIm C4 < BisIm C6 < BisIm C12 (0.60, 1.02, and 3.21 x10-4 mol/cm3 respectively).  The 
hypothesis for crosslinking was that ρx should be entirely dependent upon the concentration 





E' @ 100 °C 
(MPa)
ρ x  x 10
-4 
(mol/cm3)
tan δ T g   
(°C)
tan δ wh 
(°C)
BisIm C4 1.5:1.0 0.56 0.60 -4.7 15.1
BisIm C6 1.5:1.0 0.95 1.02 -8.8 15.0
BisIm C12 1.5:1.0 2.99 3.21 -0.8 12.3
BisIm C4 2.0:1.0 1.00 1.08 1.1 17.2
BisIm C6 2.0:1.0 3.46 3.72 4.9 12.5
MonoIm C6 1.5:1.0 3.11 3.34 -12.7 11.8
Table 2.3 – Summary of DMA Data for BisIm Networks 
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of diacrylate for each polymer.  However, the BisIm C4, BisIm C6, and BisIm C12 1.5:1.0 
systems were found to have varying ρx values.  The changes in ρx among the BisIm 1.5:1.0 
systems could be due to a greater degree of steric availability for quaternary carbon 
formation in the curing process.  When comparing the 1.5:1.0 and 2.0:1.0 systems, an 
increase in ρx can be seen, which falls in line with the expectations for the networks: an 
increase in diacrylate concentration should lead to an increase in the ρx of the polymer.   
It is important to note that the values for Tg do not follow the values for ρx, which 
would have been expected; the BisIm C6 had a lower Tg than the BisIm C4 even though it 
had a higher ρx, meaning that the decrease in the polymer Tg is attributed to the increase in 
chain flexibility from the longer spacer between imidazolium units (Table 2.1).  However, 
the BisIm C12 system exhibited an increase ρx, which is believed to have resulted in the 
higher Tg as seen in the DSC data, even though the monomer had a lower Tg independently.  
The new hypothesis supported from the data is that the degree of crosslinking is dependent 
upon the diacrylate concentration and the steric availability of the Michael addition donors 
during the formation of the quaternary carbon on the acetoacetate functional groups.  
Further study needs to be done on these systems to ensure that the trends observed in the 
BisIm systems could be extrapolated out to other PIL systems or spacer lengths.   
Analysis of the tan δ curves (Figure 2.3) provides an additional point of support for 
the conclusion that steric availability is the controlling force for the values of ρx.  The tan 
δ curves can provide a measure of uniformity within the polymers, determined by looking 
at the half-height width (wh) of the tan δ curves.  All of the generated polymer systems 
have similar wh, which indicates that the networks are all of a similar uniformity and 
therefore the trends unveiled from the DMA and DSC data are not simply due to an 
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inconsistency within any particular polymer film.  Additionally, the tan δ curves show the 
same trend in Tg for the 1.5:1.0 networks that the DSC data provides.   
 
 
2.5 Ionic Conductivity of Bisimidazolium-Containing Michael Addition Films 
 Ionic conductivities were determined from electrochemical impedance 
spectroscopy (EIS) using a 4-electrode, in-plane conductivity cell with a Metrohm Autolab 
302N Potentiostat over the temperature range of 25 °C to 150 °C.  The results for the 1.5:1.0 
networks can be seen in Figure 2.4.  The polymer with the highest ionic conductivity was 
found to be the BisIm C6 1.5:1.0 polymer; it displayed a conductivity of 1.54 x10-6 S/cm 
at 25 °C and a conductivity of 2.41 x10-3 S/cm at 150 °C.  The conductivity for the BisIm 
1.5:1.0 system measurements at 25 °C follow the trend that would be expected from the 
DSC Tg data, BisIm C6 > BisIm C4 > BisIm C12.  Althought the MonoIm C6 system 
Figure 2.3 – DMA tan δ Curves 
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exhibited the lowest Tg of all of the tested networks, the conductivity was lower than the 
analogous BisIm C6 network.  This result is presumably due to an decrease in ionic liquid 
content (26.8 mol % IL vs 19.4 mol % IL), an attribute that is even more apparent at higher 





Results for the 2.0:1.0 ratio polymers can be seen in Figure 2.5.  The polymer with 
the lowest ionic conductivity was found to be the BisIm C6 2.0:1.0; it possessed an ionic 
conductivity of 2.66 x10-7 S/cm at 25 °C and 1.16 x10-3 S/cm at 150 °C.  Conductivities of 
the BisIm 2.0:1.0 systems were found to be lower than the 1.5:1.0 systems due to a decrease 
in network flexibility, caused by an increase in crosslink density. 
 
Figure 2.4 – Conductivity Data for the 1.5:1.0 PIL Networks 




The effect of Tg on ionic conductivity becomes even more apparent in Figure 2.6 
where log σ is potted against the temperature normalized to the Tg (Tg/T) of the polymer 
networks.  Note that all of the BisIm PIL networks (1.5:1.0 ratio) essentially collapse 
onto a single curve once that they have been normalized in this manner.  This is an 
indicator that the differences between ionic conductivities of these BisIm PIL networks 
are strongly dependent upon crosslink density and thus Tg.  The MonoIm C6 system 
appears lower due to a lower mol % IL content than the BisIm systems provide.   
 
 
Figure 2.5 – Conductivity Data for 2.0:1.0 PIL Networks 




2.6 Vogel-Fulcher-Tammann Equation Fitting for the Bisimidazolium Networks 
 In light of the ionic conductivity, thermal, and mechanical data that was observed 
for the bisimidazolium systems, further investigations were warranted. Towards this end, 
the three parameter Vogel-Fulcher-Tammann (VFT) equation (Section 4.22) was applied 
to the ionic conductivity curves in order to approximate critical parameters at the 
temperature extremes (Table 2.4).40   
 
 
Figure 2.6 – Tg Normalized Ionic Conductivities for the 1.5:1.0 PIL Networks 




The VFT parameter σ0 is defined as the conductivity limit as the temperature 
approaches infinity.  The σ0 appear to follow the order of mol % IL, especially given the 
same diacrylate:acetoacetate monomer ratio.  This is not surprising considering that, at high 
temperature, chain flexibility (as measured by Tg or ρx) should not be the most important 
factor for σ0.  Rather, ionic liquid content should be the defining factor.  The values for σ0 
the BisIm polymers (0.628 – 3.89 S/cm) were found to be equal to or higher than the values 
reported for other imidazolium-containing PILs (values of up to 2.0 S/cm).40-42  
The Vogel temperature, T0, defines the low-temperature limit of the conductivity 
curves, where ion mobility approaches zero.  The values for T0 values were found to be 
between 42 K (MonoIm 1.5:1.0 system) and 86 K (BisIm C6 2.0:1.0) below the Tg values, 
which, at its maximum, falls outside the previously reported “normal” PIL range of 10 – 
77 K lower than the Tg.40  The T0 values do however follow the trend of ρx (Table 2.3) in 
the BisIm systems.   This observation reveals the significance of ion mobility in ionic 
conductivity at the low temperature limits of the polymer.  The important take away from 
the VFT data values is that the conductivity in the low temperature region is controlled by 
polymer dynamics, while the influence of those dynamics seems to become less significant 










σ 0       
(S/cm)
B             
(K)
T 0            
(K)
BisIm C4 1.5:1.0 261.0 27.5 1.06 x10-6 3.89 1835 177.2
BisIm C6 1.5:1.0 256.5 26.8 1.53 x10-6 1.69 1549 186.9
BisIm C12 1.5:1.0 265.2 24.8 5.41 x10-7 0.628 1299 205.3
BisIm C4 2.0:1.0 261.3 23.0 5.93 x10-7 2.06 1644 189.1
BisIm C6 2.0:1.0 281.6 22.3 2.66 x10-7 1.06 1550 195.8
MonoIm C6 1.5:1.0 255.3 19.4 7.45 x10-7 0.0962 997 213.2
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as the polymer transitions to a higher temperature region, where IL content becomes the 
more important factor.   
 
2.7 Summary of Bisimidazolium Polymers  
 The bisimidazolium monomers generated networks that led to some illuminating 
conclusions about the formation of Michael addition polyester networks and the ways in 
which that network’s structure affect the properties that are exhibited by the polymer films.  
The low temperature ionic conductivities of some BisIm polymer networks (1.54 x10-6 
S/cm at 25 °C for BisIm C6 1.5:1.0) are marginally higher when compared to those of the 
MonoIm network (7.45 x10-7 S/cm at 25 °C).  The high temperature conductivity values 
reached up to 2.44 x10-3 S/cm (BisIm C6 1.5:1.0) and 2.02 x10-3 S/cm (BisIm C4 1.5:1.0) 
at 150 °C.  Compiling these conductivity sweeps and analyzing them allowed for better 
understanding of the way in which the low temperature and high temperature regions of 
the Michael addition PIL networks are controlled (possibly shedding some more light on 
all types of PIL networks).  Fitting the conductivity data to the VFT model shows that the 
BisIm systems deviate somewhat from the previously established values, even for 
imidazolium-containing PIL networks.   
 The thermal and mechanical data showed uniform polymers that had properties 
which could be suitable for potential applications (normal operating ranges) in an industrial 
setting.  The Td5% values were all above 260 °C with some reaching near 300 °C, exhibiting 
good thermal stability.  The DSC Tg values for the polymers were all below 0 °C with the 
exception of the BisIm C6 2.0:1.0 polymer (6.4 °C).  The tan δ curves confirm that the 
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polymers all have similar uniformities.  Additionally, the mechanical data supplied 
information about the steric restrictions that are present in polymer formation.        





Chapter 3: Progress Towards Poly(ethylene Glycol) Incorporation into Michael 
Addition PIL Networks 
 
3.1 Rationale for Poly(ethylene Glycol)-Containing Polymer Networks    
 With the objective of manufacturing better polymer systems, the addition of 
poly(ethylene glycol) (PEG) to the polymer matrix was an area of interest.  The effect of 
PEG on ionic conductivity is a more complicated matter than that of ρx or Tg.  As mentioned 
in Chapter 1, Allen et al. found that adding a terminal hydroxyl group to a PIL increased 
the ionic conductivity,33 and it could be extrapolated that adding PEG to the matrix should 
have a similar effect.  Liang et al. found that incorporation of PEG into a phosphonium-
PIL system increases conductivity up to a particular PEG-concentration.43  Various other 
studies20,22,23,44 have looked at the ionic conductivity capabilities of PEG matrixes (though 
not necessarily polymer networks), one example of which is  the study by Geiculescu et al. 
in which the effect of low molecular weight PEG on lithium ion conductivity is examined.44  
That study found that addition of the low molecular weight PEG increased conductivities 
by up to an order of magnitude at ambient temperatures. 
 Therefore, an investigation into the incorporation of PEG into the covalently 
crosslinked Michael addition polyester networks was a next logical step in this research 
project.  The first attempt in this study to incorporate the PEG functionality into a 
bisimidazolium monomer as the spacer was initially unsuccessful (likely due to 
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transesterifications into the PEG chain), so an alternative method to test the effectiveness 
of PEG incorporation into monoimidazolium systems, as a baseline for the future 
development, was successfully attempted.   
 
3.2 Synthetic Work towards PEG-Containing Bisimidazolium Michael Addition 
Donors  
Diethylene glycol, 16, was reacted with methanesulfonyl chloride which 
synthesized the dimesylate 17, as seen in Scheme 3.1. This product was reacted with 
sodium imidazolide to produce 2-imidazolylethyl ether, 18.  This product was intended to 
be reacted with 2-bromoethanol at reflux with the proposed product the diol ionic liquid, 
19.  However, at this point, according to 1H-NMR analysis, decomposition was indicated 
and the reaction did not go to completion.  A similar process was attempted with triethylene 
glycol (dimesylate, 20; imidazolyl, 21) and a polyethylene glycol (average MW 750 g/mol; 
dimesylate, 22; imidazolyl, 23), however those attempts also resulted in decomposition 
during quaternization with bromoethanol. 




3.3 PIL Networks with PEG-Containing Diacrylates 
Commercially available PEG-containing diacrylate monomers of various 
molecular weights (Scheme 3.2) were purchased (MW = 250, 575, and 700 g/mol).  With 
the PEG-containing diacrylates, a series of 1.5:1.0 diacrylate:acetoacetate monomer PIL 
Scheme 3.1 –  Synthetic Progress toward PEG-Containing Bisimidazolium Monomer, 
19 
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networks were synthesized using the monoimidazolium Michael addition donor.   The 
MonoIm monomer was used in order to establish a baseline against which the incorporation 







Scheme 3.2– Incorporation of PEG into the Polymer Network via the PEG-Containing 
Diacrylates 
g/mol 
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3.4  Thermal and Mechanical Properties of PEG-Containing PIL Networks  
The thermal and mechanical properties for the series of PEG-containing MonoIm 
networks were analyzed in the same manner as the BisIm networks.  A summary of the 
thermal data is shown in Table 3.1.  Along the series of PEG-containing polymers, a clear 
trend between length of the PEG chain and a lower glass transition temperature was 
observed.  This drop in Tg could be attributed to two aspects of the PEG-diacrylates:  the 
first is the increased length of the spacer between the diacrylate functionalities (which 
could also be observed with longer alkyl diacrylates) and the second is the addition of the 
oxygen atoms to the backbone of the polymer.  The oxygen atoms contained in the 
backbone of the polymer could have a repulsive interaction with the [NTf2] anions, 
allowing the anions to be more easily transported within the polymer matrix.  This effect 
should also lower the Tg of the polymer in comparison to the non-PEG-containing polymer.  
The Tg of the MonoIm C6 PEG 250 polymer was found to be above that of the non- PEG 
polymer, which is highly unexpected.  This observation will be discussed further with the 
mechanical data on the following page.  The thermal decomposition temperatures show a 
positive result from the addition of PEG to the polymer matrix.  The Td5% values increase 
substantially over the series from PEG 250 to PEG 700 (294 °C to 353 °C, respectively), 
all of which are above the non-PEG-containing system.   
 




 Mechanical analysis was performed by DMA following the same procedure as 
stated in Section 2.4.  The storage modulus curves can be seen in Figure 3.1 and a summary 
of the data can be found in Table 3.2.  The DMA Tg values, recorded from the tan δ curves 
in Figure 3.2, fall in the same order as the Tg values that were observed from the DSC.  
Apparent cross-link densities followed a clear trend among the PEG-containing networks.  
The lowest ρx was detected with the PEG 250 system, with the PEG 575 and the PEG 700 
systems progressing to higher degrees of crosslinking.  This further supports the conclusion 
that the apparent crosslink density of these polymers is dependent upon the steric ability of 
the acetoacetate Michael donor carbon to form a quaternary center (i.e. react a second 
time).   Recall in our new working hypothesis, availability for quaternary bond formation 
is controlled by both the stoichiometric ratios and the ability of the donors and acceptors 
to encounter each other in the correct orientation during the polymerization process (thus 





DSC T g  (°C)
TGA T d5% 
(°C)
MonoIm PEG 250 1.5:1.0 -17.9 294
MonoIm PEG 575 1.5:1.0 -28.3 322
MonoIm PEG 700 1.5:1.0 -35.4 353
MonoIm C6 1.5:1.0 -19.9 272
Table 3.1 – Summary of the Thermal Data for the PEG-Containing Networks 











E' @ 100 °C 
(MPa)
ρ x  x 10
-4 
(mol/cm3)
tan δ T g   
(°C)
tan δ wh 
(°C)
MonoIm PEG 250 1.5:1.0 5.03 5.40 -11.7 10.1
MonoIm PEG 575 1.5:1.0 5.48 5.89 -26.6 9.5
MonoIm PEG 700 1.5:1.0 7.01 7.54 -34.4 8.8
MonoIm C6 1.5:1.0 3.11 3.34 -12.7 11.8
Table 3.2 – Mechanical Data for the PEG-Containing Polymers 
  39 
 
 
   
One possible reason that the PEG 250 polymer exhibited a lower Tg than the non-
PEG polymer may be that it also exhibits a higher ρx.  Another possibility is the interaction 
between the oxygen atoms on the diacrylate and the cationic imidazole ring.  Either way, 
at the lowest PEG-concentration, the Tg was actually higher in comparison to the non-PEG 
1,4-butanediol diacrylate, which could have implications for further studies when trying to 
integrate the PEG into various systems.  Noting this one exception, the other two PEG 
systems have a lower Tg than the MonoIm system, with the PEG 700 exhibiting the lowest 
Tg observed for this series of polymers.  
 
3.5 Ionic Conductivity of PEG-Containing Michael Addition Films 
 Electrochemical Impedance Spectroscopy was performed on the PEG-containing 
films in the same manner as the BisIm films, originally discussed in Section 2.5 and later 
Figure 3.2 – tan δ Curves for PEG-Containing and Reference Polymers 
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on in Section 4.22.  The ionic conductivity curves for the PEG-containing systems, and the 
MonoIm C6 system, are shown in Figure 3.3.  All of the PEG systems were more 
conductive than the analogous MonoIm C6 system, with the system containing the largest 
amount of PEG (PEG 700) having the highest conductivity (1.01 x10-5 S/cm at 25 °C) even 
though it had a higher crosslink density than the other systems.  This increase is more than 
an order of magnitude increase over the baseline MonoIm C6 system. In Figure 3.3, the 
PEG-containing systems begin to converge as the higher temperature region conductivity 
measurements were reached.  This lends support to the hypothesis that the conductivity of 
the upper temperature region depends more on the overall ionic content of the polymer, 
while the lower region’s conductivity is controlled by the Tg.   
 
 
   
 
Figure 3.3 – Ionic Conductivity Data for the PEG-Containing Networks 
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3.6 VFT Fitting for the PEG-Containing Networks 
 The temperature-dependent conductivity data was fit to the VFT equation (Sections 
2.6 and 4.22) to examine the effect that the PEG incorporation has on the fitting parameters 
(Table 3.3).  The values of σ0 that are presented from the PEG-containing MonoIm 
networks fall in line with the values reported from other imidazolium-containing PILs 
(typically 0.01 – 0.5 S/cm).  This may seem evident as the upper temperature ranges of the 
PEG-containing conductivity curves are not much higher than the MonoIm network’s 
conductivity curve.  The generalized rule for the T0 values (T0 = Tg - 50 K) is fairly well 
followed for all of the PEG-containing films, particularly for the values previously reported 
for other PILs (10 – 77 K).40  One of the returned values for B does not fit in well with the 
rest of the values for the PEG-containing systems, so further study of these PEG-containing 












σ 0       
(S/cm)
B             
(K)
T 0            
(K)
MonoIm PEG 250 257.25 1.37 x10-6 0.236 1166 201.6
MonoIm PEG 575 246.85 5.94 x10-6 0.0648 843 207.0
MonoIm PEG 700 239.75 1.01 x10-5 0.0558 814 203.5
MonoIm C6 255.26 7.45 x10-7 0.0962 997 213.2
Table 3.3 – Parameters from Fitting the PEG-Containing Temperature-Dependent 
Data to the VFT Equation 
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3.7 Summary of PEG-Containing Polymers 
 The poly(ethylene glycol)-containing Michael addition polyester networks 
displayed some beneficial characteristics for the purposes synthesizing highly conductive 
films.  The conductivities at room temperature were highest for the PEG 700 network (1.01 
x10-5 S/cm at 25 °C) and, among the PEG-containing networks, lowest for the PEG 250 
network (1.37 x10-6 at 25 °C).  At high temperatures the maximum conductivity measured 
was 1.41 x10-3 S/cm at 150 °C (PEG 700), and the conductivity curves seem to converge 
towards a single point.  The conductivity data supports the premise that IL concentration 
is the dominant factor affecting conductivity at high temperature regions, whereas Tg or ρx 
is the dominant factor in low temperature regions.     
 Thermal and mechanical analysis showed that the polymers were uniform and 
maintained positive characteristics for industrial applications.  The Td5% values were all 
above 290 °C, showing good thermal stability.  The Tg values were all below 0 °C (reaching 
down to below -35 °C for the PEG 700 network), allowing for ion movement at most 
environmental temperatures (positive characteristics for application to solid state batteries 
or gas separation membranes).  Mechanical analysis reveals more information (in addition 
to the insight gained from the BisIm networks) about the steric restrictions of polymer 
formation.   





Chapter 4: Experimental Methods 
 
4.1  Materials 
 Imidazole (Im, Acros Organics, 99+%), 2-chloroethylacetate (Acros Organics, 
99%), sodium hydride (TCI America, 60% dispersion in paraffin liquid), chloroform-d 
(Aldrich, 99.8%D), acetone (Pharmco-Aaper, reagent ACS/USP/NF grade), lithium 
aluminum hydride (Acros Organics, 95%),  nitrogen (Air Gas), acetonitrile (Pharmco-
Aaper, UV/HPLC general use ACS), sodium hydroxide (Reagents, reagent ACS grade), 
methanol (Fisher Chemical, electronic grade), chloroform (Pharmco-Aaper, reagent ACS 
grade – stabilized with ethanol), dimethylsulfoxide-d6 (DMSO-d6, Acros Organics, 
99.8%D), silica gel (Sorbent Technologies, porosity: 60 Å, particle: 63-200 μm), diethyl 
ether (Pharmco-Aaper, reagent ACS grade - anhydrous), 1,4-dibromobutane (Alfa Aesar, 
99%), 1,6-dibromohexane (Alfa Aesar, 97+%), 1,12-dibromododecane (Acros Organics, 
96%), N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8% anhydrous), lithium 
bis(trifluoromethylsulfonyl)imide (LiNTf2, Alfa Aesar, 98+%), ethyl acetate (EtOAc, 
Pharmco-Aaper, general use HPLC-UV grade/ ACS reagent grade/NF), tert-
butylacetoacetate (tBAA, Acros Organics, 97%), 2-(2-methoxyethoxy)ethanol (Acros 
Organics, 99%), thionyl chloride (Fluka, >99%), pyridine (Sigma-Aldrich, 99+%), sodium 
chloride (Fisher Chemical, certified ACS), sodium sulfate (Reagents, reagent grade ACS 
anhydrous), magnesium sulfate (EMD, 98+% anhydrous), 1,4-butanediol diacrylate (Alfa 
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Aesar, 99+% (reactive esters) stabilized with 50-105 ppm hydroquinone), 
diazabicyclo[5,4,0]undec-7-ene (DBU, Acros Organics, 98%), dichloromethane 
(Pharmco-Aaper, general use HPLC/Reagent grade ACS), hexanes (Pharmco-Aaper, 
reagent ACS grade), triethylamine (TEA, Acros Organics, 99%), Celite™ Filter Aid 
(Fisher Chemical, 545), bis(2-hydroxyethyl)ether (Acros Organics, 99%), triethylene 
glycol (Acros Organics, 99%), methanesulfonyl chloride (Aldrich, 99.7%), hydrochloric 
acid (Pharmco-Aaper, reagent ACS grade), 2,2-bis(bromomethyl)-1,3-propandiol 
(Aldrich, 98%), N-methylimidazole (Acros Organics, 99%), 2-bromoethanol (Acros 
Organics, 97%), polyethylene glycol (Sigma-Aldrich, 99.5%), pentaerythritol (Acros 
Organics, 98%), poly(ethylene glycol) diacrylate Mn= 250 (Aldrich, contains 100 ppm 
MEHQ as inhibitor), poly(ethylene glycol) diacrylate Mn= 575 (Aldrich, contains 400-600 
ppm MEHQ as inhibitor), and poly(ethylene glycol) diacrylate Mn= 700 (Aldrich, contains 
100 ppm MEHQ and 300 ppm BHT as inhibitor) used without further purification.  
Tetrahydrofuran (THF, 99.5% extra dry over molecular sieves, stabilized with BHT, 
AcroSeal™) purchased as anhydrous from Acros Organics and used as received.  A 
Barnstead™ E-Pure™ water purification system from ThermoScientific™ provided 
ultrapure water (DI H2O) having a resistivity of 18.2 MΩ-cm.  1H and 13C NMR spectra 
were obtained on a JOEL-ECS 400 MHz spectrometer at ambient temperature and 
chemical shift values reported in parts per million referenced to residual solvent signals as 
internal standards (CDCl3: 1H, 7.26 ppm; 13C, 77.16ppm and DMSO-d6: 1H, 2.50 ppm; 13C, 
39.52 ppm).   
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4.2  Synthesis of 2-Imidazolylacetate, Ethyl Ester, 2 
A 1 L round bottomed flask, equipped with magnetic stir bar and nitrogen inlet, 
was charged with sodium hydride (12.94 g of 60% dispersion, 7.76 g, 0.324 mol).  The 
sodium hydride was washed with hexanes (3 x 50 mL), dried under nitrogen, and then 
anhydrous THF (100 mL) was added.  To this stirred slurry was added dropwise a solution 
of imidazole (20.67 g, 0.304 mol) in anhydrous THF (150 mL) over the course of a 60 min 
period.  This mixture was allowed to stir for 30 min after the addition was complete and 
then a solution of 2-chloroethylacetate (36.20 g, 0.295 mol) in anhydrous THF (50 mL) 
was added over a 2 h period. This addition was accomplished by adding approximately 
10mL of the solution, allowing this amount to stir for 20 min, and then the remainder was 
added dropwise.  After addition, the funnel was rinsed down with additional anhydrous 
THF (20 mL) and the reaction was left to stir for 18 h at room temperature.  The reaction 
mixture was diluted with EtOAc (500 mL) and washed with water (200 mL) and then 
saturated NaCl brine (100 mL).  The organic layer was dried over Na2SO4/MgSO4 and 
filtered.  Solvent was removed under reduced pressure to produce a brown oil.  Product 
was then purified by high vacuum distillation (8-10 mmHg, 104-112 oC).  The resulting 
product was a yellow oil with mass of 32.05 g (70%).  1H-NMR (Figure S1, CDCl3): 1.21 
(t, 3H), 4.17 (m, 2H), 4.62 (s, 2H), 6.88 (d, 1H), 7.02 (d, 1H), 7.43 (s, 1H). 
 
4.3 Synthesis of N-(2-Hydroxyethyl)imidazole, 3   
A 1 L round bottomed flask, equipped with magnetic stir bar and nitrogen inlet, 
was charged with lithium aluminum hydride (10.62 g, 0.280 mol) and anhydrous THF (100 
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mL).  To this stirred solution was added dropwise a solution of 2 (32.05 g, 0.204 mol) in 
anhydrous THF (200 mL) at 0 oC over the course of 2 h.  After the addition was completed, 
the mixture was left to stir at room temperature for 90 min.   The solution was quenched 
by addition of water (10 mL), 15% sodium hydroxide (20 mL), and water (30 mL) 
sequentially.  The solids were filtered and washed with methanol.  Solvent was removed 
under reduced pressure to give an orange oil that was crystalizing.  The product was taken 
up in a small amount of methanol and dried over Na2SO4/MgSO4 and then drying agent 
filtered out.  Solvent was removed under reduced pressure.  
 Product was then purified via column chromatography as follows:  product was 
combined with silica gel (10 g) and then loaded on a column containing 120 g of silica 
saturated with CHCl3.  Flash column chromatography using gradient elution (100% CHCl3 
to 60:40 CHC3:CH3OH) was used to purify the crude product, resulting in a yellow oil.  
This oil showed trace amounts of imidazole remaining in NMR spectra.  To remove the 
imidazole, the product was placed in a flask with 20 mL of diethyl ether and left to stir for 
24 h.  The solvent was pipetted off and then the product was dried under reduced pressure. 
Isolated product was an orange oil with a mass of 18.52 g (80%). 1H-NMR (Figure S2, 
DMSO-d6): δ 3.64 (t, 2H), 3.99 (t, 2H), 5.05 (s, 1H, -OH), 6.86 (d, 1H), 7.14 (d, 1H), 7.59 
(s, 1H). 
 
4.4  Synthesis of 1,4-Bis(3-(2-hydroxyethyl)imidazolium)butane Bromide, 4 
 In a 250 mL round bottomed flask, equipped with magnetic stir bar, 1,4-
dibromobutane (4.75 g, 22.0 mmol) was dissolved in DMF (100 mL).  This solution was 
warmed to 50 °C with stirring and then 3 (5.18 g, 46.2 mmol) in DMF (25 mL) was added.  
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The resulting solution was left to react for 62 h. The mixture was then pipetted into acetone 
(500 mL), forming a white precipitate.  Once all of the reaction mixture had been added, 
this solution was cooled to 0 °C to aid in precipitation.  The solid was collected via filtration 
and rinsed with cold acetone.  This solid was transferred to 100 mL round bottom flask and 
placed in vacuum oven (< 0.1 mm Hg, 50 °C) for 24 h to remove any residual solvent.  
Final product was isolated as a white solid with a mass of 5.40 g (56%).  1H-NMR (Figure 
S3, DMSO-d6): δ 1.80 (s, 4H), 3.73 (s, 4H), 4.21 (t, 4H), 4.23(t, 4H), 5.17 (s, 2H, -OH), 
7.80 (s, 2H), 7.82 (s, 2H), 9.25 (s, 2H).  13C-NMR (Figure S4, DMSO-d6): 26.06, 47.88, 
51.60, 59.18, 122.09, 122.87, 136.48. 
 
4.5  Synthesis of 1,4-Bis(3-(2-hydroxyethyl)imidazolium)butane NTf2, 8  
 In a 250 mL round bottomed flask, equipped with magnetic stir bar, 4 (3.02 g, 6.86 
mmol) was dissolved in DI H2O (100 mL).  To this solution was added lithium 
bis(trifluoromethylsulfonyl)imide (LiNTf2, 4.17g, 14.5 mmol) in DI H2O (25 mL).  The 
resulting solution was left to stir for 24 h at room temperature.  To the flask was added 
EtOAc (110 mL) and the mixture was left to stir for 15 min.  The organic layer was 
removed and washed with DI H2O (2 x 50 mL).  The solvent was removed by reduced 
pressure and the product was placed in a vacuum oven (< 0.1 mm Hg, 50 °C) for 24 h to 
remove the remaining water.  Product was a yellow oil with a mass of 4.912 g (85%).  1H-
NMR (Figure S5, DMSO-d6): δ 1.79 (s, 4H), 3.74 (t, 4H), 4.21 (m, 8H), 5.00-5.25 (2H, -
OH), 7.73 (s, 2H), 7.75 (s, 2H), 9.13 (s, 2H).  13C-NMR (Figure S6, DMSO-d6): δ 26.16, 
48.00, 51.79, 59.27, 119.39 (q, -CF3), 122.39, 122.94, 136.45.   
 
  48 
 
4.6  Synthesis of 1,4-Bis(3-(2-acetoacetylethyl)imidazolium)butane NTf2, 11 
 In a 100 mL round bottomed flask, equipped with magnetic stir bar, 8 (4.71g, 5.60 
mmol) and tBAA (9.02g, 57.0 mmol) were dissolved in acetonitrile (30 mL).  This solution 
was stirred at reflux for 72 h.  Solvent was removed by reduced pressure and then product 
was placed under high vacuum (8 mmHg) at 75 °C for 24 h to remove remaining tBAA.  
The product was a yellow oil with a mass of 5.030 g (90%).  1H-NMR (Figure S7, DMSO-
d6): δ 1.78 (s, 4H), 2.15 (s, 6H), 3.64 (s, 4H, CH2), 4.21 (t, 4H), 4.46 (t, 4H), 7.78 (s, 2H), 
7.80 (s, 2H), 9.14 (s, 2H).  13C-NMR (Figure S8, DMSO-d6): δ 25.99, 30.14, 48.01, 51.72, 
59.22, 62.46, 119.48 (q, -CF3), 122.38, 122.92, 136.39, 166.88, 201.64.  
 
4.7  Synthesis of 1,6-Bis(3-(2-hydroxyethyl)imidazolium)hexane Bromide, 5 
In a 100 mL round bottomed flask, equipped with magnetic stir bar, 1,6-
dibromohexane (2.23g, 9.13 mmol) and 3 (2.15g, 19.2 mmol) were dissolved in DMF (50 
mL).  This solution was reacted with stirring at 55 °C for 96 h.  The reaction mixture was 
then pipetted into acetone (300 mL), forming a white precipitate.  The solution was chilled 
to 0 °C to aid precipitation and then the solvent was decanted and washed with chilled 
acetone (3 x 100 mL).  Product was dried in vacuum oven (<0.1 mmHg, 50 °C) for >4 h to 
remove residual solvent.  The product was a white solid with mass of 3.57g (83%).  1H-
NMR (Figure S9, DMSO-d6):  δ 1.28 (s, 4H), 1.80 (t, 4H), 3.73 (t, 4H), 4.20 (m, 8H), 5.17 
(s, 2H, -OH), 7.79 (s, 2H), 7.81 (s, 2H), 9.25 (s, 2H).  13C-NMR (Figure S10, DMSO-d6): 
δ 24.73, 29.01, 48.59, 51.56, 59.17, 122.11, 122.64, 136.18. 
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4.8  Synthesis of 1,6-Bis(3-(2-hydroxyethyl)imidazolium)hexane NTf2, 9 
In a 100 mL round bottomed flask, equipped with magnetic stir bar, 5 (2.58 g, 5.50 
mmol) was dissolved in DI H2O (50 mL).  To this solution was added a solution of LiNTf2 
(3.33 g, 11.6 mmol) in DI H2O (10mL).  This mixture was left to stir overnight at room 
temperature.  To this biphasic system was added EtOAc (100mL) and the mixture was left 
to stir for 15 min.  The aqueous layer was removed and the organic layer was washed with 
DI H2O (2 x 30 mL).  The organic layer was transferred to a round bottomed flask and the 
solvent was removed via reduced pressure.  The product was then dried in vacuum oven (< 
0.1 mm Hg, 50 °C) for > 4 h to remove residual solvents.   The product was a yellow oil 
with a mass of 4.215 g (88%).  1H-NMR (Figure S11, DMSO-d6): δ 1.28 (s, 4H), 1.80 (t, 
4H), 3.73 (t, 4H), 4.20 (m, 8H), 5.17 (s, 5H, -OH), 7.74 (s, 2H), 7.76 (s, 2H), 9.13 (s, 2H).  
13C-NMR (Figure S12, DMSO-d6): δ 24.89, 29.14, 48.61, 51.68, 59.24, 119.47 (q, -CF3), 
122.13, 122.80, 136.28.  
 
4.9  Synthesis of 1,6-Bis(3-(2-acetoacetylethyl)imidazolium)hexane NTf2, 12 
 In a 100 mL round bottomed flask, equipped with magnetic stir bar, 9 (4.03, 4.65 
mmol) and tBAA (7.36g, 46.5 mmol) were dissolved in acetonitrile (25 mL).  This solution 
was stirred at reflux for 72 h.  Solvent was removed by reduced pressure and then product 
was placed in vacuum oven (< 0.1 mm Hg, 50 °C) for >24 h to remove remaining tBAA.  
Final product was a yellow oil with a mass of 4.400 g (91%).  1H-NMR (Figure S13, 
DMSO-d6):  δ 1.27 (s, 4H), 1.78 (t, 4H, J = 6.4 Hz), 2.14 (s, 6H), 3.63 (s, 4H), 4.18 (t, 4H), 
4.46 (s, 8H), 7.77 (s, 2H), 7.79 (s, 2H), 9.15 (s, 2H).  13C-NMR (Figure S14, DMSO-d6): δ 
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24.93, 29.10, 30.09, 47.96, 48.83, 49.32, 62.46, 119.48 (q, -CF3), 122.39, 122.80, 136.59, 
166.88, 201.56. 
 
4.10  Synthesis of 1,12-Bis(3-(2-hydroxyethyl)imidazolium)dodecane Bromide, 7 
 A 100 mL round bottomed flask, equipped with magnetic stir bar, 6 (4.47 g, 14.7 
mmol) and 2-bromoethanol (5.55g, 44.4 mmol) were dissolved in acetonitrile (50mL).  The 
resulting solution was stirred at reflux for a period of 72 h.  Solvent and unreacted starting 
material were removed under reduced pressure.  To remove the remaining 2-bromoethanol, 
the product was placed under vacuum (<8 mmHg) and heated to 70 °C for 24 h. Product 
was a brown oil with mass of 7.16 g (88%).  1H-NMR (Figure S15, DMSO-d6): δ 1.23 (s, 
16H) 1.78 (t, 4H), 3.72 (t, 4H), 4.20 (m, 8H), 7.80(s, 2H), 7.82 (s, 2H), 9.26 (s, 2H).  13C-
NMR (Figure S16, DMSO-d6): δ 25.49, 28.37, 28.81, 28.90, 29.41, 48.70, 51.60, 59.21, 
122.28, 122.74, 136.27. 
 
4.11  Synthesis of 1,12-Bis(3-(2-hydroxyethyl)imidazolium)dodecane NTf2, 10 
 In a 250 mL round bottomed flask, equipped with magnetic stir bar, 7 (6.92 g, 12.5 
mmol) was dissolved in DI H2O (20 mL).  LiNTf2 (7.57 g, 26.4 mmol) in DI H2O (30 mL) 
was added to the flask via pipet and stirred.  This biphasic system was left to stir at room 
temperature for 24 h.  To the flask was added EtOAc (75 mL) and the aqueous layer was 
discarded. The organic layer was washed with DI H2O (3 x 50 mL) and then the solvent 
was removed under reduced pressure.  The product was placed in a vacuum oven for 18 h 
to remove residual solvent, resulting in a yellow/tan oil with mass of 11.133g (93%).  1H-
NMR (Figure S17, DMSO-d6): δ 1.24 (s, 16H), 1.78 (t, 4H), 3.73 (s, 4H), 4.19 (m, 8H), 
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5.16 (s, 2H, -OH), 7.74 (s, 2H), 7.76 (s, 2H), 9.13 (s, 2H).  13C-NMR (Figure S18, DMSO-
d6): δ 25.49, 28.38, 28.92, 29.04, 29.43, 48.74, 51.66, 59.22, 119.46 (q, -CF3), 122.12, 
122.76, 136.26.   
 
4.12  Synthesis of 1,12-Bis(3-(2-acetoacetylethyl)imidazolium)dodecane NTf2, 13 
 In a 100mL round bottomed flask, equipped with magnetic stir bar, 10 (10.37 g, 
10.9 mmol) and tBAA (6.90 g, 43.6 mmol) were dissolved in acetonitrile (20 mL).  This 
mixture was left to react for 72 h.  The reaction appeared incomplete, so additional tBAA 
(3.47 g, 21.9 mmol) was added and the reaction was returned to reflux for an additional 24 
h.  The solvent was removed under reduced pressure and the product was placed under 
vacuum (< 8 mm Hg) at 70 °C 72 h.  This was followed by an additional 3 h at 80 °C in 
order to finish removal of the tBAA.  Product was a yellow/tan oil with mass of 10.65 g 
(87%).  1H-NMR (Figure S19, DMSO-d6): δ 1.23 (s, 16H), 1.77 (t, 4H), 2.14 (s, 6H), 3.39 
(t, 4H), 3.63 (s, 4H), 4.15 (t, 4H), 7.77 (s, 2H), 7.79 (s, 2H), 9.14 (s, 2H).  13C-NMR (Figure 
S20, DMSO-d6): δ 25.62, 28.50, 28.93, 29.05, 29.44, 30.13, 48.03, 49.01, 49.35, 62.49, 
119.53 (q, -CF3), 122.47, 122.80, 136.58, 166.93, 201.41. 
 
4.13 Synthesis of Di(ethylene Glycol), Dimethanesulfonate, 17 
 In a 250 mL round bottomed flask, equipped with magnetic stir bar, diethylene 
glycol (6.81 g, 19.8 mmol) was dissolved in chloroform (30 mL).  Methanesulfonyl 
chloride (6.81 g, 59.4 mmol) was added and the stirred solution was cooled to -15 °C 
(ice/salt/acetone).  A solution of triethylamine (6.41 g, 63.4 mmol) in chloroform (20 mL) 
was then added dropwise.  Once the addition was finished, the mixture was stirred at -15 
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°C for 15 minutes and was then allowed to warm to RT over the course of 1 h.  Diethyl 
ether (50 mL) was added and the solution was washed with dilute hydrochloric acid (0.5 
M, 50 mL).  The organic layer was then dried over Na2SO4/MgSO4, solids were removed 
by filtration.  Solvent was then removed under reduced pressure.  Product was a yellow oil 
that was moved to the next step without further purification, 4.40 g (85%).  1H-NMR 
(Figure S21, CDCl3): δ 3.67 (s, 6H), 3.76 (t, 4H), 4.35 (t, 4H). 
 
4.14 Synthesis of 2,2'-Bis(1H-imidazolyl)ethyl Ether, 18  
 To a 250 mL round bottomed flask, equipped with magnetic stir bar and N2 inlet, 
was charged sodium hydride (1.65 g of 60% dispersion, .990 g, 41.2 mmol).  The sodium 
hydride was washed with hexanes (3 x 20 mL) and dried under nitrogen. Anhydrous THF 
(35 mL) was added, and the stirred solution was cooled to 0 °C (ice water).  To this stirred 
slurry was added dropwise a solution of imidazole (2.52 g, 37.0 mmol) in anhydrous THF 
(20 mL) over the course of a 40 min period.  This mixture was allowed to stir to RT over 
the course of 1 h.  Compound 17 (4.40 g, 16.8 mmol), dissolved in anhydrous THF (30 
mL), was added dropwise and the mixture was left to stir for 18 h at RT.  The resulting 
product was filtered from the solid with acetone (200 mL), which was then removed under 
reduced pressure. 
 Column chromatography was performed on the yellow oil as follows:  400 mL of 
1:1 ethyl acetate:hexane, 250 mL of ethyl acetate, 200mL of 9:1 ethyl acetate:acetone, 200 
mL of 8:2 ethyl acetate:acetone, 200 mL of 7:3 ethyl acetate:acetone, 100 mL of 1:1 ethyl 
acetate:acetone, 150 mL of acetone, 200 mL of 1:1 acetone:methanol.  Product was isolated 
in the methanol mix and solvent was removed under reduced pressure. Product was a 
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yellow oil with mass of 2.12 g (61%).  1H-NMR (Figure S22, CDCl3): δ 3.57 (t, 4H), 4.01 
(t, 4H), 6.82 (d, 2H), 6.96 (d, 2H) 7.39 (s, 2H). 
 
4.15  Synthesis of Tri(ethylene Glycol), Dimethanesulfonate, 20 
 In a 250 mL round bottomed flask, equipped with magnetic stir bar, was dissolved 
triethylene glycol (2.01 g, 13.36 mmol) in chloroform (30 mL).  Methanesulfonyl chloride 
(4.70 g, 41.34 mmol) was added and the stirred solution was cooled to -15 °C 
(ice/salt/acetone).  A solution of triethylamine (6.41 g, 63.4 mmol) in chloroform (20 mL) 
was then added dropwise.  After the addition was finished, the mixture was stirred at -15 
°C for 15 minutes and was then allowed to warm to RT over the course of 1 h.  Diethyl 
ether (50 mL) was added and the solution was washed with dilute hydrochloric acid (0.5 
M, 50 mL). The organic layer was dried over Na2SO4/MgSO4, solids were then removed 
by filtration.  Solvent was then removed under reduced pressure.  Product was a yellow oil 
that was moved to the next step without further purification, 3.89 g (95%).  
 
4.16  Synthesis of 1,1'-(1,2-Ethanediylbis(oxy-2,1-ethanediyl))bisimidazole, 21 
 A 250 mL round bottomed flask, equipped with magnetic stir bar and N2 inlet, was 
charged with sodium hydride (1.28 g of 60% dispersion, .768 g, 32.01 mmol).  This was 
washed with hexanes (3 x 50 mL), dried by nitrogen. Anhydrous THF (30 mL) was added 
and the stirred solution was cooled to 0 °C (ice water).  To this stirred slurry was added 
dropwise a solution of imidazole (1.99 g, 29.29 mmol) in anhydrous THF (20 mL) over the 
course of a 30 min period.  This mixture was allowed to stir to RT over the course of 1 h.  
Compound 20 (3.89 g, 12.70 mmol), dissolved in anhydrous THF (30 mL), was added 
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dropwise and the mixture was left to stir for 24 h at RT.  The resulting product was filtered 
from the solid with acetone (200 mL), which was then removed under reduced pressure.   
 Column chromatography was performed on the yellow oil as follows:  400 mL of 
ethyl acetate, 200 mL of 1:1 ethyl acetate:acetone, 200 mL of acetone, 200 mL of 1:1 
acetone:methanol.  Product was isolated in the acetone/methanol mix and solvent was 
removed under reduced pressure. Product was a yellow oil with mass of 2.08 g (65%).  1H-
NMR (Figure S23, DMSO-d6): δ 3.46 (s, 4H), 3.61 (t, 4H), 4.07 (t, 4H), 6.86 (d, 2H), 7.14 
(d, 2H), 7.59 (s, 2H).    
 
4.17 Synthesis of Poly(ethylene Glycol), Dimethanesulfonate, 22 
 To a 250 mL round bottomed flask, equipped with magnetic stir bar, was dissolved 
polyethylene glycol (average MW 200 g/mol, 3.01 g, 15.07 mmol) in dichloromethane (30 
mL).  Methanesulfonyl chloride (5.18 g, 45.21 mmol) was added and the stirred solution 
was cooled to -15 °C (ice/salt/acetone).  A solution of triethylamine (4.88 g, 48.23 mmol) 
in dichloromethane (20 mL) was then added dropwise over the course of 30 minutes.  After 
the addition was completed, the mixture was stirred at -15 °C for 15 minutes and was then 
allowed to warm to RT over the course of 1 h.  Diethyl ether (50 mL) was added and the 
solution was washed with dilute hydrochloric acid (0.5 M, 50 mL). The organic layer was  
dried over Na2SO4/MgSO4, and solids were removed by filtration.  Solvent was then 
removed under reduced pressure.  Product was a yellow oil that was moved to the next step 
without further purification, 4.97 g (92%).  
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4.18 Synthesis of Bisimidzaolyl Poly(ethylene Glycol), 23 
A 250 mL round bottomed flask, equipped with magnetic stir bar and N2 inlet, was 
charged with sodium hydride (1.48 g of 60% dispersion, .888 g, 37.02 mmol).  The sodium 
hydride was washed with hexanes (3 x 50 mL), dried by nitrogen. Anhydrous THF (30 mL) 
was added and the stirred solution was cooled to 0 °C (ice water).  To this stirred slurry 
was added dropwise a solution of imidazole (2.30 g, 33.78 mmol) in anhydrous THF (20 
mL) over the course of a 30 min period.  This mixture was allowed to stir to RT over the 
course of 1 h.  Compound 22 (4.97 g, 13.74 mmol) dissolved in anhydrous THF (30 mL) 
was added dropwise and the mixture was left to stir for 24 h at RT.  The resulting product 
was filtered from the solid with acetone (200 mL), which was then removed under reduced 
pressure.     
 Column chromatography was performed on the yellow oil as follows:  400 mL of 
ethyl acetate, 200 mL of 1:1 ethyl acetate:acetone, 200 mL of acetone, 200 mL of 1:1 
acetone:methanol.  Product was isolated in the acetone/methanol mix and solvent was 
removed under reduced pressure. Product was a yellow oil with mass of 2.52 g (61%).  1H-
NMR (Figure S24, DMSO-d6): δ 3.48 (m), 3.63 (m), 4.08 (m), 6.85 (d, 2H), 7.14 (d, 2H), 
7.58 (s, 2H) 
 
4.19  Michael Addition Polymerizations  
Due to the insolubility of the bisimidazolium monomers (11, 12, and 13) in the 
diacrylate monomer, polymerizations were performed in a solvent.  In a general procedure, 
BisIm C4 NTf2 AcAc, 5, (1.0056g, 0.9968 mmol) and 1,4-butanediol diacrylate (0.3004 g, 
1.515 mmol) were added to a vial (borosilicate glass and PTFE lined cap) and chloroform 
  56 
 
(1.5mL) was then added.  Vials were closed and mixed for 30 seconds by hand, which 
resulted in phase separation of the ionic liquid monomer.  Acetonitrile was then added to 
the solution in 3 drop increments, alternating with mixing, until the solution was a 
homogenous solution.  Catalytic DBU (7.2 μL – 2 mol %) was then added, and the resulting 
solution was shaken vigorously for 2 min by hand.  The solution was then transferred to a 
PTFE mold via pipet and cured at ambient temperature for 48 h, followed by curing in a 
60 °C oven for another 48 h.  To ensure complete solvent removal, the polymers were 
further placed in a vacuum oven (< 0.1 mm Hg) for 48 h more at 50 °C.  All polymer films 
were transparent with varying degrees of yellow/brown color.   
 
4.20 Thermal and Mechanical Characterization of Polymer Films  
 All of the polymers were stored in a vacuum oven (< 0.1 mm Hg) at 50 °C for 48 h 
prior to thermal testing.  Thermal stabilities were studied under constant nitrogen flow 
using a TA Instruments Q500 Thermogravimetric Analyzer (TGA) at a heating rate of 10 
°C/min.  Td5% was determined by the temperature of 5% weight loss.  Differential scanning 
calorimetry (DSC), with a heating rate of 3 °C/min on 5-10 mg samples, was performed by 
the use of a TA Instruments Q200 Differential Scanning Calorimeter with an indium 
standard.  Glass transition temperatures (Tg) were determined using the half extrapolated 
tangents method (available in the Universal Analysis software) applied to the second 
heating cycle.  Mechanical properties were determined by the use of a TA Instruments 
Q800 Dynamic Mechanical Analyzer (DMA) in film tension mode under constant nitrogen 
flow.  Temperature sweeps were performed from -100 to 150 °C at 5 °C/min with constant 
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strain and a frequency of 1 Hz.  Data tables were exported from the software using 3 °C 
curve smoothing (a standard feature of the software).   
 
4.21  Ionic Conductivity of Polymer Films 
 Ion conductivity was performed by taking a sample of known size and placing into 
a 4-electrode in-plane cell (BT-112 Conductivity Cell, Scribner Associates, Inc.) housed 
in an in-house produced aluminum casing.  Using an Metrohm Autolab 302N Potentiostat, 
impedance spectroscopy was run in triplicate on each sample.  Measurements were taken 
at 10 °C intervals over a temperature range of 25 °C, 30 to 150 °C.  Temperature steps were 
controlled by use of a Tempco® mica strip heater (Type B), powered by a variable voltage 
source from Staco Energy®.  Intermittent CV sweeps were done to insure that the electrodes 
were in good contact with the film.   
The frequency sweeps were performed by varying thee frequency in 50 steps over 
a range of 0.1 Hz to 1.0 MHz while the amplitude was set to ± 200 mV.  The resistance 
was calculated from the low-frequency x-intercept of the Nyquist plot in the Autolab Nova 
software.  This measure was subsequently converted to conductivity using equation 4.1, in 
which L is the length between electrodes, A is the cross-sectional area between the 
electrodes and R is the measured resistance.   
=  ⁄       (4.1)  
From this measurement was calculated a conductivity and these were plotted as a 
function of temperature.  Each of these temperature sweeps were performed three times 
over a seven-day interval to ensure that the film conductivity would not be significantly 
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affected by humidity (20 – 36 % RH over the time period).  The average RSD over all of 
these measurements was calculated to be less than 0.8%. 
 
4.22 Vogel-Fulcher-Tammann Fitting 
 The average values from the multiple temperature-dependent conductivity runs for 
the bisimidazolium, monoimidazolium, and poly(ethylene glycol)-containing networks 
were fit to the Vogel-Fulcher-Tammann (VFT) equation.  This was accomplished 
following a procedure by Rhoades et al. in which more details of the fitting model and its 
applications can be found.40  Fitting was accomplished by log set non-linear least squares 
regression using the Solver function in Microsoft® Excel®.   
The VFT equation can be seen in equation 4.2, where σ(T) (S/cm) is the 
conductivity at temperature T, σ0 (S/cm) is the limiting conductivity at high temperature, B 
(K) is a parameter related to both the Arrhenius activation energy and the extent to which 
ion conduction and polymer structural relaxation is decoupled, and T0 (K) is the Vogel 
temperature (where conductivity approaches zero).40,45 
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Figure S19 – 1H NMR Spectrum for 1,12-Bis(3-(2-
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Figure S20 – 13C NMR Spectrum for 1,12-Bis(3-(2-
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